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Abstract⎯ this research investigates the optimal buoy shape for a conceptual point absorber Wave Energy Converter 
(WEC) for harnessing low amplitude sea waves characteristic of the Gulf of Guinea coast. It has been established that shape 
of buoy is one of the main parameter affecting the efficiency of a point absorber WEC. Based on best buoy shapes as reported 
in literature, two shapes are selected for comparison: cone-cylinder composite buoy and Concave wedge shaped buoy. The 
WEC’s buoy and the power take off were mathematically modelled as a mass-spring-damper system. The buoys 
hydrodynamic coefficients were computed using strip theory, while the simulation in the time domain was executed using 
MATLAB. Impute parameters referred to as the sea states, in five levels, were described by the significant wave height Hs 
and the corresponding energy period Te, typical of the gulf. Output parameters are displacement, velocity, acceleration and 
force of the buoys, as well as the instantaneous power output of the WEC. For the levels considered, the optimum sea state 
for the two buoys peaked at level 4 (Hs = 1.5 m, Te = 14 s), with concave wedge buoy having an optimal power output of 8 kW 
while that of cone-cylinder being 3.7 kW. For the other levels the wedge buoy also consistently gives relatively greater power 
output than the cone cylinder buoy. 
 




The rising cost of fossil fuels as well as negative impact 
of such energy sources on global climate is raising 
opposition to their utilization. As a consequence, in recent 
years, the demand for renewable energy is increasing and 
gaining wider acceptance. When compared with various 
sources of renewable energy such as wind and solar, sea 
wave energy has higher energy density, is fairly 
predictable, more reliable and fairly constant on seasonal 
basis [1]. Globally, the best wave climates, whose annual 
average power levels are between 20 and 70 kW/m or 
higher, are found in zones from 30o to 60o latitude [2]. 
However, attractive wave climates are found also within 
± 30o latitude, where the lower power level (as a result of 
relatively lower amplitude waves) is compensated by 
smaller power variability [3]. Nigeria coastal belt is 
located within the later zone, precisely on the Gulf of 
Guinea between latitudes 04o 30’and 06o 30’N of the 
equator. There are many isolated Nigeria coastal 
communities not connected to the national grid. Diesel 
generators are a major source of electricity in these 
isolated coastal communities. Since the power production 
per unit price of a diesel generator is higher than that of 
national grid, renewable energy sources in these 
communities are cost competitive. That most of these 
communities rely on diesel power generators had been 
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highlighted by [4][5], thus harnessing the low amplitude 
wave energy of the region may be a solution to their 
energy needs. However  United Nations Environment 
Programme report [6] states that studies have shown that 
West African sub-region has the potential annual wave 
energy of 300 MWh/m of wave crest which is far below 
the highest reading of 535 for the north Atlantic ocean 
(latitude 30o to 60o). Based on this, the report concluded 
that the future of wave energy in West African is not 
encouraging, unless a process is developed that can 
economically utilize relatively the region’s small and 
irregular wave formations.  
In recent years, several kinds of ocean power converter 
prototypes have been developed, according to the 
expertise of each inventing team and/or specific issues 
from the local sea where it was planned for. In fact, Wave 
Energy Converter (WEC) design is still in its infancy with 
significant research being devoted to quest for more 
efficient and reliable designs. So far, no typology has 
provided a clear advantage over others in term of 
efficiency, cost of production, and maintenance 
requirements , thus new devices continues to be conceived 
[7]. There are more than 20 wave energy projects around 
the world. Nearly all of which are still at pilot stage either 
as a proof of concept or as part of a research facility. Some 
are connected to the local grid but none are contributing 
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A point absorbing WEC with a direct drive Power Take 
Off (PTO) system is most efficient and beneficial in 
converting the low speed oscillating motion of ocean 
waves [10]. Previous works on point absorber WEC 
conceived to operate in similar wave climates tends to 
utilize the wave as presented by nature without effort to 
artificially increase the incident wave energy density in 
order to boost their efficiency. Researches at improving 
efficiency of point absorber had focused on the premise 
that if WEC is tuned to resonate, the wave energy can be 
extracted efficiently due to the amplified motions of the 
buoy. However, most existing WECs models use the 
resonance only at single resonant frequency, so it is hard 
to extract energy outside the narrow resonant frequency 
region [11][12]. An alternative proposed here is to first 
increase the energy content of incident wave on the 
primary interface (the buoy) couple with the use of an 
efficient buoy shape for maximum energy extraction thus 
reducing design complications that may arise in effort to 
tune the WEC to resonate to a single resonant frequency. 
This work present a concept (WEC) to efficiently harness 
as much as possible the energy content of low amplitude 
waves characteristic of the Gulf of Guinea by providing a 
means of amplifying the waves thus increasing its energy 
density and focusing the waves thus amplified unto the 
primary interface (a buoy) of a point absorber energy 
converter. The focus, therefore, of this work is to 
determine the optimum shape of buoy for a point absorber 
in the concept WEC thus proposed. The empirical 
research of the wave amplification aspect of the concept 
WEC is the subject of a separate paper. 
 
II. METHOD 
Device of choice considered to be appropriate for 
harnessing the low amplitude waves, as predominant in 
Nigeria offshore, is based on point absorber, which is able 
to operate in a wave climate characterized by low 
amplitude waves. 
A. Description of the Concept Device 
The device conceived in this research is to consist of 
three main parts. The first part is a Wave Amplifying 
Device (WAD), meant to focus the incident wave into a 
narrow parallel wall channel (henceforth referred to as the 
Throat) in order to create a quasi- two dimensional wave 
with attendant magnification of the wave height, and thus 
the power content per unit length of wave crest in the 
throat. There is also a second part, which consists of a 
buoy (or several buoys in-line) floating in the throat 
section, with the buoy(s) to be connected to the Power 
Take Off (PTO) located on a platform mounted on a 
platform above the throat section. To constitute the third 
part of the device is the PTO. 
The WAD is conceived as utilising an adjacent portion 
of existing port breakwater in addition to its own floating 
breakwater or wave reflectors to be inclined at an angle to 
the existing one with the wider end opening to the incident 
waves and the narrower end opening into the throat 
section. Integration of WECs to existing marine structures 
in order to minimise overall cost of construction is gaining 
traction [13] – [18]. The concept WEC configuration and 
how it may be integrated to a port breakwater is as 
depicted in Figure 1. Reference [19] shows that the wave 
power density, P (Wm-1), available in each meter of crest 
length is: 
P = 500 HS2Te     (1) 
Where HS is the significant wave height and Te is the mean 
wave period. The implication of Eq. 1 is that when wave 
height is double, it generates four times as much power. 
Determination of the optimum reflectors inclination angle 
for the WAD as well as determination of the optimum 
buoy shape to be mounted in the throat are both crucial to 
the overall efficiency of the device, however  the 
determination of the optimum buoy shape is the subject of 
this research. 
 
B. Optimization of the primary interface 
One of the main parameters affecting the efficiency of 
a point absorber WEC is the shape of buoys [20]-
[22].Optimization of geometry and inertia of the shape 
provides a good way of increasing the captured energy of 
an oscillating body [23]. Based on best buoy shapes as 
reported in literature [20]-[22], two buoy shapes are, in 
this research, selected for comparison. The two are the 
cone-cylinder composite buoy and the concave wedge 
shaped buoy. Projected real life dimensions of the two are 
shown in Figure 2. Both designs have similar horizontal 
extent (as constrained by the throat), draft, and weight, 
leaving the shape as the only physical difference. The 
material of fabrication is to be polyurethane. 
 
 
Figure. 1. (a) A schematic of the concept wave energy converter with essential  dimensions. (b) WEC as it may be integrated to a port breakwater 
(back ground image: Ibom deep sea port, Nigeria. http://ndlink.org) 
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Figure. 2. Geometry of the concept WEC buoys 
 
C. Mathematical Modelling of the Concept Device 
The WEC’s buoy and PTO in the throat section is 
modelled on the principle of damped forced mechanical 
vibration, being presented as a mass–spring–damper 
system as shown in Fig. 3. This approach of modelling 
point absorber WEC is similar to those employed in [24-
29].Generally there are six degrees of freedom (Fig. 3, 
inset) for a floating body, but for the purpose of this study, 





Figure. 3. The WEC represented as a mass–spring–damper system. 
 
The PTO model consists of a damper and spring system 
and the damper was idealized as having viscous (linear) 
damping. Excitation force of the sea waves was assumed, 
for simplicity purpose, to be monochromatic. Thus, the 
equation describing its motion, based on Newton’s second 
law of motion, is given by, 
𝑀𝑍 ̈ = fh(t) fp(t)                 (2) 
Where; M is the mass (kg) of the buoy; 𝑍 ̈ is the buoy’s 
acceleration in heave; fh is the hydrodynamic force acting 
on the buoy wetted surface; and fp is the force exerted by 
the PTO mechanism. The heave fh is the sum of three 
forces, thus: 
fh= fe+ fr- fhs      (3) 
Where fe is the excitation force from incident wave; fr is 
the radiation force due to the buoys motion in water; and 
fhs is the hydrostatic force. The hydrostatic force is 
expressed as:  
fhs = - ρgSz     (4) 
Where ρ is the density of the sea water (in kg/m3); g is the 
acceleration due to gravity (m/s2); S is the cross sectional 
area of the buoy at the water plane; and 𝑍 is buoy’s 
displacement in heave (m). 
Thus, equation2 is expressed as: 
𝑀𝑍 ̈  = fe+ fr- ρgSz+ fp    (5) 
With fr decomposed to:  
fr= −𝐴𝑍 ̈ − 𝐵?̇?            (6) 
Where A and B are added mass (kg) and radiation damping 
(kg/s), respectively; and ?̇? is buoy’s velocity in heave 
(m/s).The coefficients were computed using the Strip 
Theory method [30], for given wave natural (angular) 
frequency and body geometry. fp is expressed as: 
fp = −𝐶?̇? − 𝐾𝑍      (7) 
Where C and K are PTO damping (that is, when acting as 
a generator) and PTO spring (when acting as a motor), 
respectively. Since it is desired that the PTO act as 
generator only, the spring constant in equation7 is 
ignored. Therefore, equation 3.3 was re-written as: 
(𝑀 + 𝐴)𝑍 ̈ + (𝐵 + 𝐶)?̇? + (ρgS)𝑍 = 𝑓
𝑒
   (8) 
For regular waves of (angular) frequency ωw, the 
excitation force(𝑓
𝑒
) is a simple harmonic function of time 
(t), expressed as: 
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= 𝐹𝑒 𝐶𝑜𝑠 (𝜔𝑤𝑡)          (9) 
Where Fe is the amplitude of the excitation force (N) and 
ωw is the regular wave frequency (Hz).  
The general solution of equation (8) is obtained by adding 
a particular solution of equation (9) to the complementary 
solution of the homogeneous equation (i.e. 𝑓
𝑒
 = 0 in 
equation 8). The complementary function represents a 
transient motion, which is eventually damped out; while 
the particular solution leads to steady state, which is the 
focus of this model. The amplitude of the excitation force 
is obtained as [31]-[32],  
𝐹𝑒 =  √
2.𝜌.  𝐵.𝑔3 
𝜔𝑤
3
 . 𝐴𝑤                (10) 
Where, Aw is the incident wave amplitude (m). Hnce, 
equation 8 takes the form of; 
(𝑀 + 𝐴)𝑍 ̈ + (𝐵 + 𝐶)?̇? + (ρgS)𝑍 =
√
2.𝜌.  𝐵.𝑔3 
𝜔𝑤
3
 . 𝐴𝑤𝐶𝑜𝑠 (𝜔𝑤𝑡)                (11) 
According to [31], the optimal conditions for extracting 
the maximum wave energy are:  
i) The natural oscillation frequency of the 
oscillating system must equal the wave 
frequency, that is, a condition of resonance 
must exist. That is: 
ωsys= ωw                 (12) 
ii) The damping force coefficient for the PTO must 
equal the radiation damping coefficient. That is: 
B = C                 (13) 
 
The hydrodynamic coefficients (added mass and radiation 
damping) were computed using strip theory. Based on the 
theory, the buoy was split into a number of transverse 
panels or strips. Each strip was treated as a two 
dimensional section in order to compute its hydrodynamic 
characteristics. Each strip individual coefficient was then 
integrated along the entire length of the buoy to obtain the 
buoy’s overall coefficients.  
 
D. Simulation of the concept device 
Simulation of the WEC system in the time domain was 
executed using the Matrix Laboratory (MATLAB 
R2009a). The simulations were used to obtain the buoy’s 
displacement, velocity, and acceleration, while the power 
extracted by the PTO was obtained using: 
𝑃 = 𝐶(𝑍)̇ 2              (14) 
Duration of each simulation was sixty seconds and waves 
with different amplitudes and periods typical of the Gulf 
of Guinea coast of Nigeria are employed (as derived from 
www.buoyweather.com. The impute parameters, 
constituting the sea states, are described by both the 
significant wave height Hs and the corresponding energy 
period Te. Shown in Table 1 are the sea states used as 
imputes in the simulations.
 
TABLE 1. 
SEA STATES PARAMETERS USED FOR THE SIMULATION 
Sea state Hs  (m)            Te (s) 
1 0.4 08 
2 0.8 10 
3 1.2 12 
4 1.5 14 
5 2.0 16 
Hs= Significant wave height; Te= Energy period. 
 
The output parameters obtained from the simulations 
were buoy’s displacements, velocity, acceleration and 
force, as well as the WEC’s instantaneous power output. 
In order to evaluate the device performance, the Capture 
Width Ratio (CWR) was calculated for each simulated sea 
state. This measure of performance is a frequently used 
performance index of WEC technologies [33].The CWR 




               (15) 
Where Pabs is mean absorbed power, D is device buoy 
horizontal extent (m) and J is the wave power per unit of 






III. RESULT AND DISCUSSION 
 
Motion response (displacement, velocity and 
acceleration) of the concave wedge buoy is as shown 
in Figures 4a to 4e. The steady state maximum 
instantaneous velocity increases from 0.2 m/s for sea 
state 1 up to 0.47 m/s for sea state 5, and for a fixed 
value of external damping (PTO), the increase in 
velocity implies greater power output (Equation 13). 
The maximum instantaneous acceleration values also 
increases from 0.17 m/s2 for sea state 1 to 0.19 m/s2 
for sea state 5.The figures show that the buoy achieves 
steady state motion (displacement) from 2.8 seconds 
for sea state 1 up to 4.7 seconds for sea state 5. 
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Figures 5a to 5e present the behaviour of the cone-
cylinder buoy, which has motion response pattern that 
is similar to that of concave wedge buoy, except that 
there is a general reduction in the output parameters’ 
magnitude. The figures show that the buoy achieves 
steady state motion (displacement) from 2.4 seconds 
for sea state 1 up to 4.5 seconds for sea state 5; steady 
state maximum instantaneous velocity increases from 
0.15 m/s for sea state 1 up to 0.32 m/s for sea state 5; 
and maximum instantaneous acceleration values also 
increases in values from 0.11 m/s2 for sea state 1 to 
0.13 m/s2 for sea state 5. The initial spike in values, 
observed especially in velocity and acceleration before 
steady state was achieved, is due to the effect of the 
complimentary function or general solution of 
Equation 8 when set to zero (that is, no external 
forcing function). This represents a transient motion 
which is eventually damped out. 
The output parameters, when compared for the 
buoys, shows that for each sea state simulated, the 
concave wedge buoy consistently gave greater output 
values for each of displacement, velocity, and 
acceleration than cone-cylinder buoy. These have 
implications for power production. Power production 
depends on the PTO damping factor as well as the buoy 
velocity (Equation 13), showing that the concave 
wedge buoy will output relatively greater power than 





(c)  (d) 
 
(e) 
Figure. 4. (a) Concave wedge buoy motion response for sea state 1 (Hs= 0.4 m, Te= 8 s), (b) Concave wedge buoy motion response 
for sea state 2 (Hs= 0.8 m, Te= 10 s), (c) Concave wedge buoy motion response for sea state 3 (Hs= 1.2 m, Te= 12 s), (d) Concave 
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wedge buoy motion response for sea state 4 (Hs= 1.5 m, Te= 14 s), (e) Concave wedge buoy motion response for sea state 5(Hs= 
2.0 m, Te= 16 s). 
 
(a)   (b) 
 
(c)   (d) 
 
(e) 
Figure. 5. (a) Cone-cylinder buoy motion response for sea state 1(Hs= 0.4m, Te= 8s), (b) Cone-cylinder buoy motion response for sea state 2  (Hs= 
0.8 m, Te= 10 s), (c) Cone-cylinder buoy motion response for sea state 3 (Hs= 1.2 m, Te= 12 s), (d) Cone-cylinder buoy motion response for sea 
state 4(Hs= 1.5 m, Te= 14 s), (e) Cone-cylinder buoy motion response for sea state 5(Hs= 2.0 m, Te= 16 s), 
 
Instantaneous power output of the Concave Wedge 
buoy is as presented in Figures 6a through 6e, while 
that of Cone-cylinder buoy is as shown in Figures 7a 
through 7e. As observed in motion response, the pick 
instantaneous power for steady state conditions for 
the buoys increases with the magnitude of the sea 
states. For the concave wedge it increases from 2.04 
kW for sea state 1 to 10.14 kW for sea state 5, while for 
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the Cone-cylinder buoy it varies from 0.94 kW for sea 
state 1 to 4.7 kW for sea state 5.The mean power 
output for the Concave wedge buoy range from 1.04 
kW for sea state 1 to 5.56 kW for sea state 5, with 
corresponding standard deviations of 0.733kW and 
5.96kW respectively. In the case of the Cone-cylinder 
buoy, the mean power output range from 0.49 kW for 
sea state 1 to 2.85 kW for sea state 5, with 
corresponding standard deviations of 0.368 kW and 
4.54 kW respectively. The initial high spike in the 
instantaneous power output for each simulation is due 
to the effect of transient motion effect on buoy velocity 
which is eventually damped out as the motion 
response achieves steady state. The plot of mean 
output power as against the sea states for the two 
types of buoys considered is as shown in Fig. 8, while 
Fig. 9 shows the capture width ratio for the two buoys 
across the selected sea states. A look at the Fig. 8 
shows that the optimum sea state for the two buoys 
peaked at sea state 4, with concave wedge buoy having 
an optimal power output of 8 kW and cone-cylinder 
optimal power output being 3.7 kW. Also deduced from 
the graphs is that the wedge buoy consistently gives 




(a)   (b) 
 
(c)   (d) 
 
(e) 
International Journal of Marine Engineering Innovation and Research, Vol. 4(3), Sept. 2019. 164-173 
(pISSN: 2541-5972, eISSN: 2548-1479) 
171 
 
Figure. 6. (a) Concave-wedge buoy instantaneous power output for sea state 1 (Hs= 0.4 m, Te= 8 s), (b) Concave-wedge buoy instantaneous power 
output for sea state2(Hs= 0.8m, Te=10s), (c) Concave-wedge buoy instantaneous power output for sea state 3(Hs= 1.2 m, Te= 12 s), (d) Concave-
wedge buoy instantaneous power output for sea state4(Hs= 1.5m, Te=14s), (e) Concave-wedge buoy instantaneous power output for sea state 5 
(Hs= 2.0 m, Te= 16 s) 
 
 
(a)   (b) 
 
(c)   (d) 
 
(e) 
Figure. 7. (a) Cone-cylinder buoy instantaneous power output for sea state 1(Hs= 0.4 m, Te=8s), (b) Cone-cylinder buoy instantaneous power 
output for sea state 2(Hs= 0.8 m, Te= 10 s), (c) Cone-cylinder buoy instantaneous power output for sea state 3(Hs=0.2 m, Te=12s), (d) Cone-
cylinder buoy instantaneous power output for sea state 4(Hs= 1.5 m, Te= 14 s), (e) Cone-cylinder buoy instantaneous power output for sea state 
5(Hs= 2.0m, Te=16s) 
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Figure. 8. Mean power output versus Sea state for the concave wedge buoy and cone-cylinder bouy 
 
 




For the five sea state levels considered, the mean power 
output for the two buoy is lowest at sea state 1 (Hs = 0.4 
m, Te = 8 s) at 1.04 kW and 0.49 kW for Concave wedge 
shaped buoy and cone-cylinder composite buoy 
respectively. However, the optimum sea state for the 
two buoys peaked at sea state 4 (Hs = 1.5 m, Te = 14 s), 
with concave wedge buoy having an optimal power 
output of 8 kW and cone-cylinder optimal power 
output being 3.7 kW. Also deduced from the graphs is 
that the wedge buoy consistently gives relatively greater 
power output than the cone cylinder buoy. The concave 
wedge buoy is thus the one with optimum power output 
among the two shapes considered as being appropriate for 
the concept point absorber WEC. Though the optimal 
power output  is modest, this may be improved upon by 
mounting several similar buoys in the throat section, and 
the amplification of the incident wave energy content by 
the WAD will significantly increase energy output per 
buoy, bearing in mind that the wave parameters as 
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